Abstract: Genetic relationships among Carica papaya cultivars, breeding lines, unimproved germplasm, and related species were established using amplified fragment length polymorphism (AFLP) markers. Seventy-one papaya accessions and related species were analyzed with nine EcoRI-MseI primer combinations. A total of 186 informative AFLP markers was generated and analyzed. Cluster analysis suggested limited genetic variation in papaya, with an average genetic similarity among 63 papaya accessions of 0.880. Genetic diversity among cultivars derived from the same or similar gene pools was smaller, such as Hawaiian Solo hermaphrodite cultivars and Australian dioecious cultivars with genetic similarity at 0.921 and 0.912, respectively. The results indicated that self-pollinated hermaphrodite cultivars were as variable as open-pollinated dioecious cultivars. Genetic diversity between C. papaya and six other Carica species was also evaluated. Carica papaya shared the least genetic similarity with these species, with an average genetic similarity of 0.432; the average genetic similarity among the six other species was 0.729. The results from AFLP markers provided detailed estimates of the genetic variation within and among papaya cultivars, and supported the notion that C. papaya diverged from the rest of Carica species early in the evolution of this genus.
Introduction
The tropical fruit crop papaya is a dicotyledonous, polygamous, diploid species with a small genome and nine pairs of chromosomes (Arumuganathan and Earle 1991; Purseglove 1968; Storey 1976) . It belongs to the small family Caricaceae, which consists of five genera and 34 species. The family includes 21 species of Carica L. (the genus to which papaya belongs), seven species of Jacaratia A. DC., three species of Jarilla Rusby, two species of Cylicomorpha Urban, and one species of Horovitzia Badillo (Badillo 1993) . Papaya is believed to have originated in Central America, probably in the regions of southern Mexico and Costa Rica (Candolle 1908; Purseglove 1968; Storey 1976) , and is now distributed throughout tropical and subtropical regions worldwide. The Caricaceae belong to a group of plant families characterized by production of glucosinolates. Morphological, biochemical, and molecular evidence from this clade has demonstrated a common phylogenetic origin with the Brassicaceae, and consequently with the completely sequenced model plant Arabidopsis (Bremer et al. 1998 , Rodman et al. 1996 .
Papaya germplasm shows considerable phenotypic variation for many horticulturally important traits, including fruit size, fruit shape, flesh color, flavor and sweetness, length of juvenile period, plant stature, stamen carpellody, and carpel abortion. In addition, commercial papaya cultivars may be inbred gynodioecious lines, typified by the Hawaiian Solo lines (Solo refers to a group of small-fruited, high sugar content, commerical cultivars developed in Hawaii and originating via introduction from Barbados in 1910 (Storey 1969) ); out-crossing dioecious populations, such as the Australian papaws from southern Queensland; F 1 hybrids, including the Tainung series (Taiwan), Eksotica II (Malaysia), and Rainbow (Hawaii); or occasionally even clones, such as Hortus Gold in South Africa.
The only published study of genetic diversity in papaya germplasm examined a small group of seven Hawaiian Solo cultivars and three unrelated lines, using random amplified polymorphic DNA (RAPD) markers (Stiles et al. 1993) . The objective was to test the validity of relationships revealed by RAPD data in germplasm of known pedigree, rather than to provide a broad overview of papaya diversity.
Genetic relationships between papaya and related wild species have been investigated using RAPD and isozyme markers (Jobin-Décor et al. 1997 ) and restriction fragment length polymorphism (RFLP) in a cpDNA intergenic-spacer region (Aradhya et al. 1999) , as well as amplified fragment length polymorphism (AFLP) markers (Van Droogenbroeck et al. 2002) . These three reports suggested that C. papaya diverged from the rest of the genus early in its evolution. Aradhya et al. (1999) noted that the wild South American Carica species are more closely allied with a member of the related genus Jacaratia than to C. papaya. More pertinently, no attempt was made to survey genetic variation within C. papaya.
AFLP has been recognized as a reliable and efficient DNA marker system, compared with RFLP, RAPD, or microsatellites (Vos et al. 1995; Powell et al. 1996; Russell et al. 1997; Pejic et al. 1998) . AFLP markers have been used extensively for studying genetic diversity in different plant species because of their high reproducibility and multiplex ratio (Maughan et al. 1996; Ellis et al. 1997; Breyne et al. 1999; Erschadi et al. 2000) . The objectives of this project were as follows: (i) to determine patterns of genetic relationship in a large collection spanning different geographic origins and mating systems (inbreeding and (or) out-crossing); (ii) to compare AFLP results with previous, smaller papaya germplasm characterization research using chloroplast RFLPs, RAPDs, and isozymes; and (iii) to examine intravarietal variation in papaya.
Materials and methods

Plant materials
Seventy-one accessions were collected from different countries for DNA fingerprinting, including 63 accessions of Carica papaya, 6 accessions of related species, and 2 accessions of interspecific hybrids. Among the 63 papaya accessions, 18 were commercial cultivars, 15 were improved (but not released) breeding lines, and 30 were unimproved germplasm. Multiple samples of selected accessions were collected to evaluate the genetic variation within each of those accessions, and each sample was collected from a single tree. One-hundred and nine samples were collected from 71 accessions. This collection represents cultivars and breeding lines adapted to different climates in tropical, subtropical, and temperate regions and unimproved germplasm from the center of origin. Because the genetic relationships of Carica species have been reported previously (Aradhya et al. 1999; Van Droogenbroeck et al. 2002) , the focus of this study was the genetic relationships of commercial cultivars, breeding lines, and unimproved germplasm within C. papaya. Six Carica species were included as out groups. The detailed collection sites and geographic origins of these samples are listed in Table 1 .
DNA extraction
Young papaya leaf tissue from a single plant in each sample was lyophilized and homogenized to a fine powder. Genomic DNA was extracted based on the procedure described by Chittenden et al. (1994) with minor modifications. DNA samples were purified and quantified before restriction digestion.
AFLP analysis
Genomic DNA digestion
The protocol outlined by Vos et al. (1995) was used with the following adjustment in the digestion conditions: 250 ng of DNA at 37°C for 3 h incubated with 5 U of EcoRI and 5 U of MseI.
Adapter ligation and preamplification
The reaction conditions described by Vos et al. (1995) were adapted with the exception that 1 U Taq polymerase was used.
Primer labeling and selective amplification
IRDye™-700 and -800 labeled EcoRI primers (listed in Table 2 ) were purchased from LI-COR (Lincoln, Nebr.). MseI primers were obtained from Operon Technologies (Alameda, Calif.). The reaction conditions described in the manufacturer's instructions were followed. A preliminary survey consisting of five papaya accessions was performed with 32 P-labeled primers to select the most polymorphic primer sets for fingerprinting the entire collection.
Gel analysis
An equal volume of loading dye (95% v/v formamide and 0.08% w/v bromophenol blue in 20 mM EDTA) was added to each sample, which was then denatured at 95°C for 3 min and placed on ice for 2 min before loading. The sample volume was set to 1.0 µL and loaded with a Hamilton multi-channel pipette (Hamilton, Reno, Nev.) onto 25-cm gels prepared with 6.5% KB Plus Polyacrylamide Gel Matrix (LI-COR, Lincoln, Nebr.). Electrophoresis and detection of the AFLP fragments were performed on a LI-COR IR 2 automated DNA sequencer (LI-COR, Lincoln, Nebr.). The electrophoresis parameters were set to 1500 V, 40.0 mA, 40.0 W, 50°C, and a scan speed of 4. The run time was set to 2.0 h and gel images were saved as TIF files for further analysis.
Data analysis
The gel images were scored using a binary scoring system that recorded the presence and absence of bands as 1 and 0, respectively. Semi-automated scoring was performed, initially with AFLP-Quantar™ (version 1.0, KeyGene Product, Wageningen, The Netherlands) and then manually to make adjustments to the automated score sheet when necessary. The copy-score function in the software allowed for scoring of subsequent images with the same primer combinations. The data were exported into a spreadsheet and formatted for the NTSYSpc (v. 2.1) cluster analysis software (Exeter Software Co., New York). Monomorphic markers were not scored. The data for 109 samples from 71 accessions were used to compute pair-wise simple matching coefficients (Sokal and Michener 1958) . Cluster analysis was performed on the similarity matrix using the unweighted pair group method using arithmetic means (UPGMA) algorithm (Sneath and Sokal 1973) provided in the software package NTSYSpc. For comparison among accessions with multiple samples, the average similarity score for a particular accession was used. The cophenetic correlation coefficient was calculated to test the goodness of fit between the similarity and cophenetic matrices.
Results
The initial screen for polymorphisms was carried out on five papaya cultivars, including four closely related Solo cultivars ('Kapoho', 'SunUp', 'Sunset', and 'Higgins'), and the unrelated, dioecious 'Washington'. The number of polymorphic markers generated by each primer set ranged from 0 to 9 with an average of 3.2. Among the 64 sets of EcoRIMseI primers with three nucleotides extension, the eight most polymorphic were selected for genotyping 109 samples. Each primer set generated 11-36 markers. An additional primer set consisting of an EcoRI primer with threenucleotides extension and MseI primer with only twonucleotides extension was used to generate 20 markers. A total of 186 polymorphic markers (42%) from 445 readable bands were detected by nine primer sets among 109 samples ( Table 2) .
The genetic variation among 63 papaya accessions was estimated using pair-wise comparison of genetic similarity (Fig. 1) . The average pairwise genetic similarity was 0.880 and ranged from 0.741 to 0.978. About 82% of the pair-wise comparisons among papaya accessions exhibited genetic similarity greater than 0.85; less than 4% showed genetic similarity lower than 0.80. The most closely related cultivars sharing genetic similarity of 0.978 were 'Kamiya', 'Line 8', 'Waimanalo', and 'Maunawili Sweet'. The least related were the dioecious 'Coimbatore 7' and a temperate-subtropical dioecious cultivar from Australia, 'AU25', with genetic similarity of 0.741.
Pair-wise comparisons of genetic similarity among Hawaiian Solo papaya cultivars and breeding lines revealed narrow genetic diversity reflecting the consequence of inbreeding from a limited gene pool. The overall average genetic similarity of the 15 Solo accessions was 0.921, ranging from 0.859 to 0.978 (Fig. 2) . The least similar Solo cultivars were 'Line 2' and 'Sunset', with the most similar being 'Kamiya', 'Line 8', 'Waimanalo', and 'Maunawili Sweet' (Table 3) . Among the Solo cultivars with multiple samples, the least variable appeared to be 'SunUp', with an average genetic similarity of 0.976 ranging from 0.940 to 1. The most variable cultivar was 'Sunset', with an average genetic similarity of 0.939 ranging from 0.903 to 0.973. The hybrid 'Rainbow' showed a higher level of variability than either of its parents, 'Kapoho' and 'SunUp', with an average genetic similarity of 0.950 ranging from 0.914 to 0.978.
The level of genetic variation among dioecious cultivars was similar to that of the hermaphrodite cultivars. Among eight dioecious cultivars collected from tropical, subtropical, and temperate regions in Australia, the average genetic similarity was 0.914 and ranged from 0.839 to 0.962. The average similarity between Israeli dioecious accession AU9 and eight Australian cultivars was 0.883, less than the average similarity among Australian cultivars. The genetic similarity between two individuals of 'AU1' was 0.978 (Table 4) .
To test the genetic relationship of closely related Hawaiian Solo cultivars and breeding lines, cluster analysis was conducted on 15 Solo accessions with multiple samples from five well-established cultivars. The resulting dendrogram showed a clear separation of two major clusters (Fig. 3) . The first cluster included 'Kapoho', 'Higgins', 'Line 40', 'Line 116', 'Kamiya', 'Line 8', 'Waimanalo', 'Maunawili Sweet', and 4-16-35. Within this major cluster, 12 'Kapoho' samples, mostly collected from eight different papaya farms on the island of Hawaii, formed a sub-cluster, suggesting a close genetic relationship among these samples. 'Kamiya', 'Line 8', 'Waimanalo', and 'Maunawili Sweet' formed another subcluster with equal genetic similarity (0.978) among them. Another four 'Kapoho' samples, collected on Oahu, formed a subcluster that differed slightly from samples collected on the island of Hawaii. The second major cluster included 'SunUp', 'Sunset', 'Sunrise', and 'Rainbow'. 'SunUp', 'Sunset', and 'Sunrise' are sister lines from the same parentage, whereas 'Rainbow' is a hybrid between 'Kapoho' and 'SunUp'. Three groups of samples ('SunUp', Nos. 2 and 4; 'Kapoho', Nos. 10, 11, and 14; and 'Kapoho', Nos. 12 and 13) were judged in an identical manner based on 186 DNA markers. Lines 2 and 5 formed a small cluster close to the two major clusters. Two 'Sunset' samples formed a fourth cluster that deviated from the second major cluster, to which the other five 'Sunset' samples belong. 'Coimbatore 7' was used as an out group and was shown to be clearly different from the Solo cultivars.
Cluster analysis of 71 papaya accessions and related species illustrated the genetic relationship among individual cultivars developed in different regions. Two samples of 'AU1' are presented here because non-Solo accession with multiple samples was not shown in Fig. 3 . There are discrete clusters separating cultivars derived from the same or a simi- lar gene pool. The first cluster included all 15 Solo cultivars and breeding lines, plus 'Eksotica I', which was derived from a cross between Solo 'Sunrise' and a Malaysian variety, 'Subang-6', and then backcrossed to 'Sunrise' (Chan 1987) (Fig. 4) . The second cluster included dioecious Australian cultivars and Indian cultivars that grow in subtropical or temperate regions. A group of cultivars originating from different countries formed the third cluster. The materials from Central America grouped into four different clusters indicating greater genetic diversity in the area where papaya originated. 'Brash Panama' seems to share the least genetic similarity with the rest of the papaya cultivars and accessions investigated.
The differences between papaya and other Carica species were substantial (Table 5 ). The average genetic similarity among papaya and the other six Carica species was 0.432, ranging from 0.296 to 0.545, whereas the average genetic similarity among those six Carica species was 0.729, ranging from 0.634 to 0.870. The most closely related Carica species were C. pubescence and C. stipulata with a genetic similarity of 0.870. The most distantly related species were C. papaya and C. goudatiana, showing a genetic similarity of only 0.364.
The six other Carica species and two interspecific hybrids formed a distinctive cluster, including seven samples from six Carica species and two interspecific hybrids derived from C. parviflora and C. goudatiana. Two samples from C. monoica shared a genetic similarity of 0.94. Two subclusters were formed among these species and hybrids. One included two hybrids, one of their parents (C. goudatiana), and two samples of C. monoica. The other included C. parviflora, C. pubescence, C. stipulata, and C. horovitziana. Carica pubes- cence and C. stipulata shared the highest genetic similarity among the seven Carica species fingerprinted. Carica papaya appeared to be significantly different from other Carica species.
Discussion
The impact of inbreeding on narrowing the germplasm diversity was evaluated by analyzing the genetic similarity of Hawaiian Solo cultivars that have undergone more than 25 generations of inbreeding (Storey 1969) . The theoretical value of heterozygosity should be nearly zero after this many generations of self-pollination. However, our data showed that 3-6% of the 186 AFLP markers scored in this survey were still polymorphic within each established Solo cultivar. This amount of variation within each cultivar or inbred line might best be explained by occasional outcrossing. Natural outcrossing in hermaphrodite papaya fields immediately adjacent to a potential source of contaminating pollen may affect about 5% of seed, as demonstrated using the β-glucuronidase (GUS) transgene as a marker in assays of seeds from non-transgenic papaya trees surrounding transgenic plants (R.M. Manshardt and M.M.M. Fitch, unpublished data) .
The Solo cultivars clustered into two major groups that reflected their origins in different breeding or selection programs. Both clusters probably have 'Line 5' in common, but the 'Kapoho' cluster includes infusions from 'Line 8' and 'Betty' (from Florida), although probably not in 'Kapoho' itself. 'Kapoho' was selected in the 1940s from Solo varieties similar to 'Line 5' by a private grower, whereas the other varieties in the cluster are largely the effort of Dr. Henry Nakasone, former horticulturist at the University of Hawaii at Manoa, who was involved in papaya breeding from the 1950s to the 1980s. The 'Sunrise' cluster is derived from a cross of 'Kariya' (probably a grower selection of 'Line 5'), and red-fleshed 'Line 9', produced in the 1960s by Dr. Richard Hamilton, also a horticulturist at the University of Hawaii during the same period. There is nothing surprising about the degree of variation among these different Solo cultivars, as they have quite distinct and documented pedigrees. Genome Vol. 45, 2002 In the first cluster, eight 'Kapoho' samples, Nos. 9-16 collected from eight different farms on the island of Hawaii, formed a tight subcluster with average genetic similarity at 0.988. This result contradicts the idea that the 'Kapoho' cultivars grown on different farms might have diverged from each other through inbreeding, because each farmer selects and keeps his own seeds. One possible explanation for the small variation is that the original 'Kapoho' was highly homozygous, so that the subsequent inbreeding may not significantly change its genetic composition. However, four samples collected from Oahu deviate from most 'Kapoho' samples, suggesting that greater variation may exist within this variety than indicated by the samples collected from the island of Hawaii. Four cultivars in this cluster, 'Kamiya', 'Line 8', 'Waimanalo', and 'Maunawili Sweet', shared an equal genetic similarity of 0.978. It is known that 'Line 8' was one of the parental lines of 'Waimanalo', and that 'Kamiya' was selected from Waimanalo, Oahu (Nakasone et al. 1972) . 'Maunawili Sweet', selected by a farmer in Maunawili, is possibly derived from one of these three cultivars. The second cluster included 'Sunrise', 'SunUp', 'Sunset', and 'Rainbow'. The following four cultivars are interrelated: 'Sunrise' and 'Sunset' are sister lines; 'Sunset' and 'SunUp' are virtually the same except the papaya ringspot virus (PRSV) coat protein gene was added to the transgenic cultivar 'SunUp' (Fitch et al. 1992) ; 'Rainbow' is a hybrid derived from the cross between 'Kapoho' and 'SunUp'.
The collection of papaya accessions used in this study differs dramatically in morphology and adaptation to different climates in tropical, subtropical, and temperate regions. The limited genetic variation (about 12%) detected among this diverse group of materials did not correspond to the wide range of morphological characteristics observed in the field. A similar low level of genetic diversity was recently documented in another self-pollinated plant species, Coffea arabica (Steiger et al. 2002) . However, it is known that one or a few genes can sometimes significantly change plant stature (Sheridan 1988 ), leaf and (or) stem color (Dooner and Kermicle 1971) , fruit size (Grandillo et al. 1999; Frary et al. 2000) , and fruit quality (Carvalho et al. 1965; Paterson et al. 1991; Gray et al. 1999) . Most of the crucial traits mentioned in the introduction are sufficiently variable, and improvement consists of selecting desirable recombinants from segregating populations. Some disease and (or) insect resistance, postharvest storage, and sex-modification (truebreeding hermaphrodite) factors are not known to exist in papaya germplasm. Our AFLP survey won't identify these, but could help point to related materials if something interesting is found in standard evaluation trials. Interspecific hybrids have been created, but are of little help owing to their high sterility (Drew et al. 1998) . Genetic transformation is the only attractive route to some of these breeding objectives.
The results of genetic diversity study provide estimates on the level of genetic variation among diverse materials that can be used in germplasm management, varietal protection, and papaya improvement. Among the 31 diverse accessions collected from the USDA clonal germplasm repository, the average genetic similarity was 0.886, nearly the same as the overall average of 0.880 detected with 63 papaya accessions. These 31 accessions counted for 10% of the entire collection of the papaya germplasm at this repository, suggesting that the current collection preserved the vast majority of the natural variation in papaya. Although identical samples were found within 'Kapoho' and 'SunUp', all 63 papaya accessions were distinctively separated by 186 AFLP markers (Fig. 4) . The amount of genetic diversity found with AFLP markers is sufficient to distinguish between breeding lines for varietal protection. The estimates of genetic similarity are particularly useful in choosing widely divergent parents with desirable traits for genetic mapping and selection. A genetic map of papaya has been constructed from an F 2 population derived from two Solo cultivars, 'Kapoho' and 'SunUp', with 507 AFLP markers (Ma et al. 2000) . A quantitative trait loci (QTL) mapping project is underway to identify the loci controlling leafhopper tolerance in papaya using the same mapping population.
The genetic relationships of six other Carica species are much closer to each other than to C. papaya, thus confirming the conclusions of previous reports (Jobin-Décor et al. 1997; Aradhya et al. 1999; Van Droogenbroeck et al. 2002) . The closest related Carica species were C. pubescence and C. stipulata as reported by Sharon et al. (1992) , Jobin-Decor et al. (1997), and Van Droogenbroeck et al. (2002) . Based on the phylogeny of Carica species derived from chloroplast DNA sequence (Aradhya et al. 1999) , Badillo (2000) suggested a classification of Carica papaya as a separate genus, with only one species, giving a total of six genera in the family of Caricaceae (R.M. Manshardt, personal communication). Our DNA fingerprinting results support this concept. 
